Introduction {#Sec1}
============

Ulcerative colitis (UC) is a chronic and relapsing inflammatory disease that occurs in the colon with abdominal pain, rectal bleeding, and diarrhea \[[@CR1]\]. Moreover, patients with UC have an increased risk of developing colorectal carcinoma \[[@CR2], [@CR3]\]. The precise mechanisms involved in the initiation and development of UC have not yet been completely clarified. Numerous studies have indicated that genetic alterations and the impaired balance in the intestinal immune system may contribute to the development of UC \[[@CR4], [@CR5]\]. In particular, imbalance in the mucosal immune system causes the generation of pro-inflammatory cytokines, which in turn leads to chronic inflammation, ulceration, and lesions in the colonic mucosa \[[@CR4]--[@CR7]\]. The proinflammatory cytokines IL-1β and IL-18 are considered important pathogenic factors during the development of UC \[[@CR8]--[@CR10]\]. Meanwhile, the secretion of IL-1β and IL-18 is regulated by activated caspase-1, which is controlled by the nucleotide-binding oligomerization domain-like receptor (NLR) inflammasome. Intestinal inflammation has been studied in NLR-deficient mice \[[@CR11]\], and evidence has confirmed the pathogenic role of the NLRP3 inflammasome in UC \[[@CR12], [@CR13]\], which makes the NLRP3 inflammasome a potential target for UC treatment.

Thioredoxin-interacting protein (TXNIP) possesses various functions including regulating cell metabolism, cell death, tumor formation, and inflammation \[[@CR14], [@CR15]\]. TXNIP was shown to compete with migration inhibitory factor (MIF) for NF-κB activation \[[@CR16]\]. LPS is known to inhibit the expression of TXNIP mRNA and protein levels and activate the NF-κB-signaling pathway \[[@CR17]\]. A previous study demonstrated that when treated with LPS or TNF-α, the expression of TXNIP was significantly decreased and the inhibition of TNF-α-induced NF-κB activation was mostly dependent on TXNIP in hepatocarcinogenesis mice \[[@CR18]\], which suggested a protective role of TXNIP. Recently, some studies showed that TXNIP was down-regulated in patients with inflamed colonic mucosa and suggested that thioredoxin (TRX) might be a potential therapeutic agent for the treatment of inflammatory bowel disease (IBD) \[[@CR19], [@CR20]\]. In summary, these studies indicated that monomers that regulate TXNIP-dependent NF-κB activation and inhibit NLRP3 inflammasome activation have the potential to become new anti-inflammatory drugs for treating UC.

At present, UC has evolved into a global disease and is severely threatening people's health in many Asian countries \[[@CR21]\], while existing drugs for UC are usually associated with serious side effects \[[@CR21]--[@CR23]\]. As a traditional Chinese medicine decoction, Huang-Qin-Tang (HQT) is used for treating UC in China with a more than 2000-year history \[[@CR23]--[@CR25]\]. To determine the bioactive ingredients in HQT, in this study, we measured the accumulated constituents of HQT in colon tissue. Consequently, we chose oroxindin and explored its protective mechanism against UC. Oroxindin is a natural bioflavonoid isolated from Huang-Qin (one of the major ingredients in HQT). Some studies have demonstrated that oroxindin exhibits various bioactivities including anti-inflammatory, antitumor, antioxidant, etc. \[[@CR26]--[@CR28]\]. However, the protective effects of oroxindin on regulating the function of colonic macrophages during UC and the inhibitory mechanism of oroxindin on the NLRP3 inflammasome remain unclear. In the present study, we investigated the protective effects of oroxindin and the underlying mechanisms, and proved that oroxindin attenuates UC by inhibiting NLRP3 inflammasome activation via suppressing the TXNIP-dependent NF-κB-signaling pathway in colonic macrophages.

Materials and methods {#Sec2}
=====================

Reagents and antibodies {#Sec3}
-----------------------

Oroxindin (\>98% purity; Chengdu Pufei De Biotech Co., Ltd., China) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 0.04 M and stored at −20 °C. The stock was then diluted with Dulbecco's modified Eagle's medium (DMEM; Gibco, Suzhou, China) to the final concentration used in each experiment. Lipopolysaccharide (LPS) from *Escherichia coli* serotype O111:B4, 3-(4,5-dimethylthiazol-2-yl)−2,5-di-phenyltetrazolium bromide (MTT), 5-aminosalicylic acid, and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 4′,6-Diamidino-2-phenylindole was purchased from Invitrogen (Carlsbad, CA, USA). Dextran sulfate sodium (DSS) and DMSO were purchased from MP Biomedicals (Solon, OH, USA). β-Actin and hematoxylin were obtained from Boster Biological Technology Co., Ltd. (Wuhan, China). Antibodies against caspase-1, mouse epidermal growth factor-like module-containing mucin-like hormone receptor-like 1 (also known as F4/80), and apoptosis-associated speck-like protein containing a caspase-associated recruitment domain (ASC) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). NLRP3, TXNIP, and p-P65 primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). An immunofluorescent NLRP3 antibody was purchased from Abcam (Cambridge, MA, USA). An Alexa Fluor 488 (Abcam) secondary antibody kit for immunohistochemistry was obtained from Cell Signaling Technology. Protein A/G PLUS-agarose beads were from Santa Cruz Biotechnology (sc-2003). An immunohistochemistry application solution kit was obtained from Cell Signaling Technology.

Liquid chromatography--mass spectrometry (LC--MS) analysis {#Sec4}
----------------------------------------------------------

The LC--MS system consisted of a Triple TOF™ 5600^+^ mass spectrometer (AB Sciex, Foster City, CA, USA) and a prominence ultra-high-performance LC system (Nexera LC-30A; Shimadzu, Kyoto, Japan). Data were analyzed using MultiQuant 3.0 software. After overnight fasting, mice were administered HQT decoctions at a dose of 20 g/kg, and tissue samples were collected at 0.5, 1, 3, and 12 h. Colon tissue samples were washed in normal saline and homogenized with methanol to a concentration of 500 mg/mL. The supernatant of the homogenate (100 μL) was deproteinized using a previously described method. Then, 25 μL of an internal standard solution (final concentration: 500 ng/mL) and 400 μL of methanol were added. Finally, 5 μL samples were injected into an Agilent SB-C18 column (2.1 mm × 100 mm, 1.8 μm) for analysis, using a mobile phase of (A) acetonitrile and (B) 0.5% formic acid in water at a flow rate of 0.25 mL/min. Paeoniflorin was detected by an electrospray ionization (ESI) anion, and the remaining constituents were measured by ESI-positive-ion detection and multiple reaction monitoring. To prepare standard samples, stock solutions of baicalin, oroxindin, glycyrrhizin, glycyrrhizinate, and paeoniflorin were diluted with methanol to nominal concentrations of 11.8652--48,600, 12.55--1200, 0.2563--1050, 1.8554--7600, and 2.05078--8400 ng/mL, respectively.

DSS-induced UC and drug treatment {#Sec5}
---------------------------------

Adult male C57BL/6 mice (6--8 weeks old, 18--22 g) were supplied by and maintained at the Laboratory Animal Services Center of Guangzhou University of Chinese Medicine (Guangzhou, China). The animal study followed the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the animal protocol was approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine. The animals were housed in cages under standard environmental conditions of a temperature of 20--25 °C under a 12-h light/dark cycle and were provided free access to standard food and water. They were randomly divided into six groups: control, DSS, oroxindin (12.5, 25, or 50 mg/kg) +DSS group, and sulfasalazine (50 mg/kg) +DSS-treatment groups. To establish the UC model, the model group received 3% (w/v) DSS in drinking water for 7 d, followed by regular water provided for 3 d, while the control group received regular drinking water. Oroxindin was dissolved in water to prepare an oral suspension, and oroxindin and sulfasalazine were administered via gastric intubation from d 1 to d 10 after DSS treatment until the termination of the experiment. The mice were sacrificed on d 11.

Histological analysis {#Sec6}
---------------------

The pieces of colonic tissues were fixed with 4% paraformaldehyde, embedded in paraffin and cut into 5-μm-thick sections. Hematoxylin--eosin (H&E) staining was performed. Colon histopathological changes were observed by a light microscope (Olympus, Tokyo, Japan). The extent of histopathological changes was scored according to previous studies \[[@CR29]\] (Table [1](#Tab1){ref-type="table"}).Table 1Histopathological scores.ScoresEpithelia damage and ulcer formationUlcer depthEdemaInflammatory cells infiltrationInfiltration depth0NoneNoneNoneNoneNone1ErosionSubmucosaMildMildSubmucosa2UlcerMuscularis mucosaModerateModerateMuscularis mucosa3Serosal layerSevereSevereSerosal layer

Immunohistochemical analysis of colon tissues {#Sec7}
---------------------------------------------

Five-micrometer-thick paraffin sections were used for immunohistochemical experiments. For antigen retrieval, the samples were placed in citric acid solution (pH 9.0) and heated in a microwave oven for 10 min. Subsequently, the sections were incubated with an animal-free blocking solution for 1 h, prior to incubation with the F4/80 monoclonal antibody overnight at 4 °C. After that, the sections were labeled with secondary antibodies for 2 h. 3′-Diaminobenzidine was used to produce a brown signal, and hematoxylin was used as a counterstain. More detailed steps were performed according to the immunohistochemistry application solutions kit. The immunohistochemical images were visualized by a microscope (BX53; Olympus Corp., Tokyo, Japan) and analyzed by Image-Pro Plus software.

Cell culture and drug treatment {#Sec8}
-------------------------------

THP-1 cells were maintained in a humidified atmosphere with 5% CO~2~ at 37 °C in DMEM supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA), 100 U/mL benzylpenicillin, and 100 mg/mL streptomycin. When cells reached \~80% confluence, they were plated in six-well plates at a density of \~1 × 10^6^ cells/well and treated with various concentrations of oroxindin (12.5, 25, and 50 μM) for 2 h. Then, 1 μg/mL LPS was added, and the cells were incubated for an additional 24 h. Nitric oxide (NO) was measured according to the manufacturer's protocols.

Co-immunoprecipitation experiment {#Sec9}
---------------------------------

Co-immunoprecipitation experiments were performed according to the user's protocol (Santa Cruz Biotechnology, Inc. sc-2003). Ice-cold immunoprecipitation lysis buffer was added to THP-1 cells before shaking for 15 min. After incubation on ice for 30 min, the cell lysate was centrifuged (12,000×*g*, 30 min, 4 °C) and the supernatant was incubated with 10 μL of PBS-suspended protein A/G PLUS-Agarose beads and incubated for 10 min at 4 °C. Subsequently, the supernatant was incubated with 2 μg of ASC antibody for 4 h at 4 °C. Immunoprecipitates were then collected by centrifugation at 1000×*g* for 5 min, and the pellet was resuspended in 2× sample buffer and boiled. The bound proteins of NLRP3 and Pro-Casp1 were detected by Western blot.

Western blot analysis {#Sec10}
---------------------

When cells reached \~80% confluence, they were cultured in six-well dishes and treated with various concentrations of oroxindin (12.5, 25, and 50 μM) for 2 h. Then, 1 μg/mL LPS was added, and the cells were incubated for additional 24 h to detect NLRP3, ASC, TXNIP, and Caspase-1 protein. To detect phospho-NF-κB p65 (p-P65) protein, LPS was incubated for an additional 1 h. Cellular proteins were extracted using a cytoplasmic and nuclear extraction kit (Beyotime Institute of Biotechnology, Shanghai, China). The Bradford method was used to determine the protein concentration. Subsequently, the proteins were separated in sodium dodecyl sulfate--polyacrylamide gels and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes were incubated at room temperature with 5% non-fat milk or 8% bovine serum albumin (BSA) in Tris-buffered saline with Tween 20 (TBST) to block non-specific binding for 2 h, followed by incubation with the specific antibodies targeting NLRP3 (1:1000), ASC (8:5000), TXNIP (1:1000), p-P65 (1:1000), Caspase-1 (3:1000), and iNOS (1:1000) at 4 °C overnight. On the second day, the membranes were washed with TBST three times, followed by incubation with an appropriate secondary antibody for 2 h at room temperature. Protein bands were visualized using enhanced chemiluminescence.

Measurement of IL-1β in cells {#Sec11}
-----------------------------

Cells were cultured at 1 × 10^6^ cells/well in 96-well plates. Experiment groups and drug treatment have been stated above in the "Cell culture and drug treatment" section. The culture supernatant was collected to determine the concentration of IL-1β by an ELISA kits following the manufacture's instructions.

Immunofluorescence microscopic analysis of colon tissues {#Sec12}
--------------------------------------------------------

Eight-micrometer-thick frozen colon tissue sections were used for immunofluorescence experiments. Briefly, the sections were placed in acetone for 10 min, permeabilized with 0.2% Triton X-100, and blocked with 10% BSA for 1 h at room temperature. For immunofluorescence, the sections were incubated with anti-F4/80 (1:100) plus anti-NLRP3 (1:100) or anti-caspase-1 (1:100) antibodies overnight. On the next day, the slides were washed and labeled with corresponding conjugated secondary antibodies (Alexa Fluor 488 and Dylight 594) for 2 h. Then, slides were visualized sequentially using a laser scanning confocal microscope (ZEN2.3, Zeiss) \[[@CR30], [@CR31]\]. Settings for image acquisition were identical for both control and experimental tissues.

Measurement of IL-1β and IL-18 in colon tissue {#Sec13}
----------------------------------------------

The colon tissues were homogenized in cold normal saline buffer and centrifuged at 3000×*g* for 5 min at 4 °C. The culture supernatant was collected to determine the concentration of IL-1β and IL-18 by ELISA kits following the manufacturer's instructions. Subsequently, the protein concentration of the supernatant was detected using a BCA kit. The results are shown as the ratio of the amount of cytokines to the protein concentration.

Statistical analysis {#Sec14}
--------------------

Statistical analysis was performed using GraphPad Prism and SPSS 17.0 software. Data are expressed as the mean ± standard deviation (SD) or mean ± standard error of the mean (SEM) and are representative of at least three experiments. *P* \< 0.05 was considered to indicate a statistically significant difference.

Results {#Sec15}
=======

Concentration of baicalin, oroxindin, glycyrrhizin, and paeoniflorin in the colon {#Sec16}
---------------------------------------------------------------------------------

We analyzed the main ingredients of HQT and measured the concentration of four principal constituents (baicalin, oroxindin, glycyrrhizin, and paeoniflorin) in the colon tissue. After being fed with HQT (1 g/kg), normal mice were sacrificed at predetermined time points (0.5, 1, 3, and 12 h), and the results were shown in Fig. [1a](#Fig1){ref-type="fig"}. Fig. [1a](#Fig1){ref-type="fig"} shows that large amounts of baicalin and oroxindin accumulated in colon tissue. Subsequently, we calculated the ratio of monomer concentration in the colon tissue to the monomer concentration in HQT, and the ratio of oroxindin was higher than that of other compounds (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1Concentration of baicalin, oroxindin, glycyrrhizin, glycyrrhizinate, and paeoniflorin in the colon.The normal mice were orally administered Huang-Qin-Tang (1 g/kg). **a** Concentrations of baicalin, oroxindin, glycyrrhizin, and paeoniflorin in the colon. **b** Relative concentrations of the compounds in the colon compared to their concentrations in Huang-Qing-Tang. Values are the mean ± SEM. Bai baicalin, Gly glycyrrhizin, Pae paeoniflorin, Oro oroxindin, Glyc glycyrrhizinate.

Oroxindin ameliorated DSS-induced UC {#Sec17}
------------------------------------

To determine the protective effect of oroxindin against UC, we established the acute colitis model by administering DSS \[[@CR32]\]. Specifically, C57BL/6 mice were treated with 3% DSS in drinking water for 7 d and were then provided regular water for 3 d. Oroxindin (12.5, 25, and 50 mg/kg) and sulfasalazine (50 mg/kg) were orally administered from d 1 to d 10. Based on the data obtained, we found that oroxindin treatment attenuated body weight loss (percentage of that on d 1) compared with that of the model group (Fig. [2a](#Fig2){ref-type="fig"}). DSS caused colonic shortening, while the symptom was markedly improved by oroxindin treatment during colitis progression (Fig. [2b, c](#Fig2){ref-type="fig"}). As shown in Fig. [2d](#Fig2){ref-type="fig"}, we also measured the spleen index in each group, which was raised in the model group and reduced by sulfasalazine or oroxindin administration. Oroxindin also significantly decreased the white blood cell (WBC) count, an inflammation-related marker in peripheral blood (Fig. [2e](#Fig2){ref-type="fig"}). In addition, the ratios of monocytes in lymphocytes were significantly decreased in the oroxindin-treated groups (Fig. [2f](#Fig2){ref-type="fig"}). As shown in Fig. [3a, c](#Fig3){ref-type="fig"}, colonic inflammation and ulceration were evaluated by histopathological analysis using hematoxylin and eosin staining, and histological scores were determined by a standard method. Mucosal inflammation, missing epithelium, and submucosal infiltration were observed in colon tissues in the model group. Oroxindin remarkedly relieved these severe symptoms in the colon. In addition, oroxindin diminished DSS-induced massive colonic macrophage infiltration. To assess the extent of intestinal inflammation in the colons of the DSS-treated mice, colon tissue sections were stained with an anti-F4/80 antibody to detect macrophage infiltration (Fig. [3b, d](#Fig3){ref-type="fig"}). These data indicated that oroxindin is able to suppress pathological changes and massive macrophage infiltration in colonic tissues, which proves the protective effects of oroxindin against UC.Fig. 2Effects of oroxindin on DSS-induced colitis model symptoms.The mice were treated with 3% DSS in drinking water for 7 d to induce acute colitis and then sacrificed on d 11. **a** Body weight changes from the basal level in each group after induction of colitis with DSS. **b** Macroscopic appearances of the colon. **c** Colon length changes in each group. **d** The spleen index was measured in each group. **e** WBC counts in peripheral blood. **f** Mononuclear cells were detected in peripheral blood using an automatic blood analyzer. Values are the mean ± SD (*n* = 6). ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 vs. the control group; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs. the DSS-treated group.Fig. 3Oroxindin treatment ameliorated DSS-induced colon injury in mice.**a** Serial sections of colon tissues were stained with hematoxylin and eosin. **b** Protein expression of F4/80 in colon tissues was detected by immunohistochemical analysis. Enlarged areas of interest are shown in merged images and shown in representative data. **c** Colitis histological scores. The results are expressed as the mean ± SD (*n* = 4). **d** The results of immunohistochemistry were analyzed using Image-Pro Plus software, and the automatic algorithm recognized the brown area as positive cells. The software operation followed the instructions. (*n* = 4). ^\#\#\#^*P* \< 0.001 vs. the control group; \**P* \< 0.05, \*\**P* \< 0.01 vs. the DSS-treated group.

Oroxindin inhibited NLRP3 inflammasome formation in macrophages {#Sec18}
---------------------------------------------------------------

Macrophages are known to play critical roles in the pathogenesis of UC. In order to clarify the specific mechanism, we subsequently performed immunoprecipitation in cultured macrophages to determine whether oroxindin inhibits the formation of the NLRP3 inflammasome, one of the core protein complexes in inflammatory responses (the NLRP3--ASC--Pro--Casp1 assembly). As shown in Fig. [4a--c](#Fig4){ref-type="fig"}, after incubation with ASC primary antibody, the colocalization coefficient was increased in the model group based on the ratio of NLRP3 and pro-Casp1 to ASC, and this tendency could be significantly reversed by oroxindin, which indicated that inflammasome formation was suppressed by oroxindin.Fig. 4Oroxindin suppressed NLRP3 inflammasome formation in macrophages.**a** The images of co-immunoprecipitation depict the effect of LPS on the colocalization of "NLRP3--ASC--pro-casp1" assembly. **b** Summarized data show the colocalization efficiency of NLRP3. **c** Summarized data show the colocalization efficiency of Pro-casp1. Values are the mean ± SD (*n* = 3). ^\#^*P* \< 0.05 vs. the control group; \**P* \< 0.05    vs. the LPS-treated group.

Oroxindin inhibited LPS-induced NLRP3 expression and activation in macrophages {#Sec19}
------------------------------------------------------------------------------

We further explored whether the protective effect of oroxindin was related to the inhibitory effect on NLRP3 inflammasome activation in vitro. As illustrated in Fig. [5a, b](#Fig5){ref-type="fig"}, we measured the protein level of NLRP3 in the cytoplasm of macrophages. Interestingly, the NLRP3 protein increased in the model group and was significantly suppressed by oroxindin treatment as expected. In addition, the expression level of ASC was not changed in any of the groups (Fig. [5c, d](#Fig5){ref-type="fig"}). Previous studies have indicated that the NLRP3 inflammasome activation could induce robust caspase-1 activation, as based on the equal amount of the cleaved and pro-enzyme form \[[@CR33]\]. Importantly, the activation of caspase-1 was significantly inhibited by oroxindin (Fig. [5e, f](#Fig5){ref-type="fig"}). The concentration of IL-1β indicates the activation of the NLRP3 inflammasome. The results showed that the concentration of active IL-1β in the supernatant was increased in the model group and could be effectively reduced by oroxindin (Fig. [5g](#Fig5){ref-type="fig"}).Fig. 5Oroxindin inhibited LPS-induced NLRP3 expression and activation in macrophages.**a** Protein expression of NLRP3 was analyzed by Western blotting. **b** Densitometric analysis was used to determine the relative protein expression, normalized to that of β-actin. The results are representative of three independent experiments. **c** Protein expression of ASC was analyzed by Western blotting. **d** Densitometric analysis was used to determine the relative protein expression, normalized to that of β-actin. The results are representative of three independent experiments. **e** Protein expression of caspase-1 was analyzed by Western blotting. **f** Densitometric analysis was used to determine the ratios of cleaved caspase-1 (Cle-Casp1)/pro-caspase-1 (Pro-Casp1). **g** Summarized data show the concentration of IL-1β in the cell supernatant. The results are representative of three independent experiments and expressed as the mean ± SD. ^\#^*P* \< 0.05 vs. the control group; \**P* \< 0.05      vs. the LPS-treated group.

Oroxindin suppressed TXNIP-dependent NF-κB activities in macrophages {#Sec20}
--------------------------------------------------------------------

To further elucidate the molecular mechanisms that regulate NLRP3 inflammasome activation, we evaluated the levels of the TXNIP protein (Fig. [6a, b](#Fig6){ref-type="fig"}), which is involved in NF-κB activation. TXNIP was markedly reduced in macrophages cytoplasm in the model group and could be restored by oroxindin in a concentration-dependent manner. This result was especially confusing until we found the protective role of TXNIP in cells, because decreased TXNIP leads to TXNIP-dependent NF-κB activation. Therefore, we analyzed the levels of p-p65 in the cytoplasm. As shown in Fig. [6c, d](#Fig6){ref-type="fig"}, p-p65 expression was markedly up-regulated in the model group and was inhibited by oroxindin, suggesting that the protective effect of oroxindin is possibly related to the TXNIP-dependent NF-κB-signaling pathway.Fig. 6Oroxindin inhibited NLRP3 inflammasome activation in a TXNIP-dependent manner.**a** Protein expression of TXNIP was analyzed by Western blotting and shown as cumulative data from multiple experiments. **b** Densitometric analysis was used to determine the relative protein expression, normalized to that of β-actin. **c** Protein expression of p-p65 was analyzed by Western blotting. **d** Densitometric analysis was used to determine the relative protein expression, normalized to that of β-actin. The results are representative of three independent experiments. Values are the mean ± SD (*n* = 3). ^\#^*P* \< 0.05   vs. the control group; \**P* \< 0.05, \*\**P* \< 0.01    vs. the LPS-treated group.

Oroxindin lessened UC by inhibiting the NLRP3 inflammasome {#Sec21}
----------------------------------------------------------

NLRP3 is initially activated during inflammatory injury, and its activation has been confirmed to play a crucial role in DSS-induced colitis \[[@CR34]\]. To further confirm our hypothesis in vitro, we examined whether oroxindin could suppress NLRP3 inflammasome activation in UC mice. As shown in Fig. [7a, b](#Fig7){ref-type="fig"}, we examined the co-localization of F4/80 (red) and NLRP3 (green) or caspase-1 (green) in colon tissues. According to the results, the expression of NLRP3 and caspase-1 was increased in macrophages in the DSS-treated mice, while oroxindin exerted specific protective effects in the inflamed tissue. These findings indicated that oroxindin suppressed NLRP3 inflammasome formation in macrophages in colonic tissue. To further determine whether NLRP3 inflammasome activation was repressed in vivo, the concentrations of IL-1β and IL-18 (caspase-1 downstream effectors) were measured in colon tissue supernatants. The results showed that oroxindin could reduce the generation of IL-1β and IL-18, suggesting that oroxindin could quell the pathologic inflammation and ameliorate inflammatory symptoms in UC mice (Fig. [7c, d](#Fig7){ref-type="fig"}).Fig. 7Oroxindin ameliorated DSS-induced acute colitis via inhibition of the NLRP3 inflammasome.**a** Sections of colonic tissue were immunostained with F4/80 (red) and NLRP3 (green) antibodies and observed under a confocal laser scanning microscope and shown as representative data. **b** Sections of colonic tissue were immunostained with F4/80 (red) and caspase-1 (green) antibodies and observed under a confocal laser scanning microscope and are shown as representative data. Enlarged areas of interest are shown in merged images. **c** The concentration of IL-1β in colonic homogenates was determined by an enzyme-linked immunosorbent assay (ELISA) in triplicate. **d** The concentration of IL-18 in colonic homogenates was determined by ELISA in triplicate. Data are presented as the mean ± SD. ^\#\#^*P* \< 0.01 compared with the normal mice; \**P* \< 0.05, \*\**P* \< 0.01 compared with the DSS-induced colitis mice.

Discussion {#Sec22}
==========

Previous studies have identified NLRP3 inflammasome-mediated inflammatory responses that underlie the critical mechanism of intestinal inflammation in a DSS colitis model \[[@CR34]\]. Thus, inhibition of NLRP3 inflammasome formation and activation may be an effective approach for UC treatment. In the present study, we confirmed that oroxindin, one of the important pharmacological substances in HQT, exerted protective effects against UC, and the underlying mechanism was associated with inhibition of the NLRP3 inflammasome.

According to the *Introduction in Traditional Medicine*, HQT could be used to prevent and treat UC. Our results showed that DSS administration to mice led to the loss of body weight (Fig. [S1a](#MOESM2){ref-type="media"}) and induced mucosal inflammation, missing epithelium, and macrophage infiltration in colon tissues (Fig. [S1b, c](#MOESM2){ref-type="media"}). Oral administration of HQT (5, 10, 20 g/kg) relieved mice weight lose and ameliorated the pathological changes and macrophage infiltration in colon tissues, which confirmed the protective effect of HQT against UC (Fig. [S1a--c](#MOESM2){ref-type="media"}). However, the specific bioactive monomer in HQT that exerts protective effect on UC has not yet been reported. The tissue distribution of drugs measured by LC--MS is an important index in pharmacological effectiveness studies. Our data showed that the concentrations of baicalin and oroxindin were the highest monomers absorbed by the colon tissue (Fig. [1a](#Fig1){ref-type="fig"}). On the other hand, it is important to take the proportion of baicalin and oroxindin in HQT into consideration, because the concentration of baicalin is four times higher than that of oroxindin (data not shown). Therefore, we analyzed the relative content of oroxindin (the concentration in the colon relative to that in HQT), and the results suggested that the colon's absorption of oroxindin was better than that of other constituents (Fig. [1b](#Fig1){ref-type="fig"}). This indicated that oroxindin could be one of the bioactive compounds in HQT with high colon absorption. Therefore, we were interested in whether oroxindin could prevent the development of UC.

As one of the innate immune cells, macrophages are vital in protecting the human body from luminal bacteria during UC \[[@CR35]\]. In this study, we found that oroxindin could ameliorate colonic inflammatory symptoms caused by DSS and we focused on the numbers of macrophages in the blood (Fig. [2f](#Fig2){ref-type="fig"}) and colon. Intriguingly, oroxindin decreased the number of macrophages in the blood and reversed the infiltration of macrophages (F4/80^+^ cells) in colon tissues. Sun et al. have also demonstrated that oroxindin could ameliorate the infiltration of inflammatory cells in colon tissues, as well as the histopathological features of DSS-induced colitis \[[@CR36], [@CR37]\]. Thus, we aimed to determine the underlying mechanism of the regulating effect of oroxindin on macrophage function.

When exposed to significant interference, the antigenic receptors on the surface of macrophages interact with the antigenic receptors in the cytoplasm. In particular, a previous study has suggested the pivotal role of the NLRP3 inflammasome in the pathogenesis of UC \[[@CR38]\], and it may be a potential target for developing novel therapeutics for UC \[[@CR39]\]. The gastrointestinal microbiota is known as one of the pathogenic factors of UC. In particular, Gram-negative bacteria, with an LPS-containing outer membrane, account for a large part of the gut microbiota. To further clarify the results of our in vivo study, we evaluated the anti-inflammatory effects of oroxindin in LPS-stimulated THP-1 cells in vitro. First, we performed a cell proliferation assay to assess the effects of oroxindin in macrophages. Compared to the control group, the proliferation of LPS-stimulated cells was significantly decreased, whereas oroxindin (12.5, 25, 50 μM) could alter this effect (Fig. [S2](#MOESM3){ref-type="media"}). Therefore, we chose these three doses in our in vitro experiments. It was shown that oroxindin reduced NLRP3 inflammasome protein expression in LPS-stimulated THP-1 cells (Fig. [5a](#Fig5){ref-type="fig"}). NLRP3 is a critical component of the NLRP3 inflammasome. It can form a single oligomeric structure, recognizing pathogen-associated or damage-associated molecular patterns. Once the inflammasome is formed, ASC, a significant adaptor protein for pyrin domain (PYD)--PYD interaction, is recruited, and intracellular redistribution of ASC is essential for NLRP3 inflammasome activation \[[@CR40]\]. In our present study, the ASC proteins were found in the cytoplasm at a consistent level. ASC subsequently bridges to pro-caspase-1 through caspase-associated recruitment domain (CARD)--CARD interaction and, thereby, to the assembly of a cytosolic protein complex called the "inflammasome" \[[@CR37], [@CR41]\], which induces autocleavage of caspase-1 into a cleaved form \[[@CR42]\]. Additionally, our results showed that the amount of the multiprotein complex (NLRP3--ASC--caspase-1 assembly), as well as the activation ratio of caspase-1 (cleaved form to pro-enzyme form), was significantly diminished by oroxindin (Figs. [4a](#Fig4){ref-type="fig"} and [5e](#Fig5){ref-type="fig"}). NLRP3 inflammasome activation leads to the generation of the proinflammatory cytokine IL-1β. ELISA analysis revealed that oroxindin suppresses the concentration of IL-1β in macrophages (Fig. [5g](#Fig5){ref-type="fig"}). Thus, the in vitro study indicated that oroxindin could inhibit NLRP3 inflammasome formation and activation.

In this study, the expression of the NLRP3 inflammasome proteins was repressed by oroxindin in vitro, and we attempted to clarify the upstream mechanism. Previous studies have demonstrated that TXNIP expression is related to NF-κB activity. LPS stimulation decreased the protein level of TXNIP, which could regulate TXNIP-dependent NF-κB activation and prime NLRP3, pro-IL-1β, and pro-IL-18 expression. Therefore, we detected the expression of TXNIP and NF-κB in macrophages \[[@CR43]--[@CR45]\]. The results showed that the TXNIP protein level was significantly reduced in the LPS-stimulated group and that the level was restored by oroxindin (Fig. [6a, b](#Fig6){ref-type="fig"}). Correspondingly, the activation of NF-κB was repressed by oroxindin, suggesting the involvement of the TXNIP-dependent NF-κB-signaling pathway. As shown in Fig. [8](#Fig8){ref-type="fig"}, all results indicated that oroxindin suppressed the NLRP3 inflammasome in a TXNIP-dependent manner, suggesting that oroxindin could be a powerful tool for inhibiting TXNIP-dependent NF-κB activation and repressing NLRP3 inflammasome activation. In addition, it has been reported that the expression of TXNIP is closely related to the inducible nitric oxide synthase (iNOS)--NO-signaling pathway \[[@CR17], [@CR46]\]. Forrester et al. \[[@CR47]\] proved that TXNIP expression in macrophages is suppressed by endogenously synthesized NO, which is produced by iNOS. Therefore, to further confirm the role of TXNIP, we investigated the effect of oroxindin on the iNOS-NO signaling pathway. It has been proven that TXNIP expression in macrophages is suppressed by iNOS-induced NO production \[[@CR23]\]. Therefore, we measured the concentration of NO in the cell supernatant, and the results showed that LPS induced robust NO production, while this effect could be suppressed by oroxindin (Fig. [S3a](#MOESM4){ref-type="media"}). Subsequently, we detected the expression of iNOS, and the results showed that the increase in iNOS induced by LPS could be down-regulated by oroxindin (Fig. [S3b, c](#MOESM4){ref-type="media"}). To further identify the participance of the iNOS-NO signaling pathway, nicaraven, a well-known NO scavenger, was used to abate NO production. The results showed that Nica could obviously decrease the expression of iNOS (Fig. [S3d, e](#MOESM4){ref-type="media"}), while the expression of TXNIP was correspondingly up-regulated (Fig. [S3f, g](#MOESM4){ref-type="media"}). Oroxindin has a similar effect as Nica (Fig. [S3d--g](#MOESM4){ref-type="media"}), suggesting that oroxindin has an inhibitory effect on the iNOS-NO signaling pathway, followed by the restoration of TXNIP expression and suppression of NF-κB activities.Fig. 8Schematic representation of the protective mechanism of oroxindin against UC.DSS-induced intestinal epithelium bacterial translocation results in large amounts of LPS entering the cytoplasm, leading to a dramatic decrease in TXNIP, followed by TXNIP-dependent NF-κB activation. NF-κB activation, which is also regarded as the first signal that activates the NLRP3 inflammasome, is responsible for the increased transcription levels of pro-NLRP3, pro-IL-1β, and pro-IL-18. The activation of the NLRP3 inflammasome complex induces auto-cleavage of caspase-1 from pro-caspase-1 into cleaved caspase-1 and clips cleavage of pro-inflammatory cytokines pro-IL-1β and pro-IL-18 into their active forms, which results in intestinal inflammation and tissue injury. Therefore, the protective effect of oroxindin on restoring TXNIP expression and abating the downstream NF-κB-signaling pathway helps to reduce inflammatory cytokine release and ameliorate pathological changes during colitis.

To further confirm our hypothesis in vitro, we examined whether oroxindin could suppress NLRP3 inflammasome activation in UC mice by immunofluorescence co-localization. We found that the NLRP3 inflammasome components, NLRP3 and the downstream protein, caspase-1, were upregulated in macrophages in colonic tissue in the UC model and were dramatically suppressed by oroxindin (Fig. [7a, b](#Fig7){ref-type="fig"}). The levels of IL-1β and IL-18, central mediators of the inflammatory responses, were also decreased, which confirmed the anti-inflammatory effects of oroxindin (Fig. [7c, d](#Fig7){ref-type="fig"}). Taken together, these data supported our in vivo study and confirmed our hypothesis that oroxindin inhibits colonic inflammation by inhibiting NLRP3 inflammasome formation and activation.

In conclusion, this study demonstrated that oroxindin was absorbed into the colon at a high level and ameliorated acute intestinal inflammation in a mouse UC model by suppressing NLRP3 inflammasome activation. Oroxindin could also suppress NLRP3 inflammasome activation by restoring TXNIP expression and inhibiting the TXNIP-dependent NF-κB-signaling pathway induced by LPS in macrophages. Considering the effective protective effect of oroxindin on inflammatory responses, this compound could be regarded as a potential therapeutic drug for UC. However, the relationship between TXNIP and the UC model remains to be further investigated.
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